The Brownian motion and aggregation of particles in nanofluids often lead to the formation of solid-film-solid structures. The molecular thin film confined between nanoparticles may have non-negligible effects on thermal conduction among nanoparticles. Using nonequilibrium molecular dynamics simulations, we study thermal conduction across the Ag particle-Ar thin-film interface. If the film contains only one molecular layer, we find that the solid-film interfacial thermal resistance R SF is about 1 order of magnitude smaller than the solid-liquid (bulk) interfacial thermal resistance R SL . If there are two or more molecular layers in the film, it is shown that R SF increases rapidly toward R SL as film thickness increases. By comparing the vibrational density of states of Ag atoms and Ar molecules in the film, we demonstrate that the low thermal resistance in the monolayer film case is caused by the resonant thermal transport between Ag particles and Ar thin films.
I. INTRODUCTION
The solid-liquid interfacial thermal resistance R SL has been extensively studied experimentally and theoretically in the past decade [1] [2] [3] [4] [5] [6] since R SL is a critical physical property for understanding the microscopic thermal transport process in many solid-liquid nanoscale systems that contain a high density of interfaces. Experimentally, it was measured that the value of R SL varies from 2 × 10 −9 to 2 × 10 −8 m 2 K/W depending on surface wettability [3, 7] . On the other hand, molecular dynamics (MD) simulation results show that R SL is a function of not only surface wettability [1, 2] , but also temperature, surface structure, and fluid flow rate [4] [5] [6] . Most of these MD simulations are performed in a system consisting of two solid parallel walls separated by a liquid film. None of these simulation results indicate that R SL is a function of the liquid-film thickness L F . For instance, Kim et al. [4] varied L F from 3.24 to 12.96 nm, but no discernible variation of R SL was observed in their simulations. In nanofluids (nanoscale colloidal suspensions), however, the separation between nanoparticle surfaces could be even smaller than the L F used in the aforementioned simulations due to Brownian motion or aggregation of nanoparticles. In the case of particle aggregation, liquid thin films could be trapped between rough nanoparticles and could contain only a few adsorbed molecular layers. Recent theoretical and experimental studies suggested that the nanoparticle aggregating plays a significant role in the thermal transport in nanofluids [8] [9] [10] [11] [12] . The thermal resistance at the interface poses a barrier to heat flow through the particle clusters and affects the effective thermal conductivity of nanofluids. As the particle size decreases, the interfacial resistance may affect the nanofluids conductivity significantly [12] . The study of solid-film interfacial resistance R SF is, therefore, important for understanding thermal conduction through the particle clusters in nanofluids.
As the film thickness decreases, the fraction of molecules in the thin film that is bonded to the solid atoms increases. If the film thickness is less than 1 nm, almost all liquid molecules in * E-mail address: tsai@mst.edu (H.L. Tsai) the film have non-negligible interactions with the solid atoms on both sides of the film. Hence, the thermal conduction across such a solid-film interface may behave differently from that across a solid-bulk liquid interface.
The solid-film interfacial resistance R SF as a function of film thickness L F is investigated in this paper by a nonequilibrium MD model. Specifically, a system consisting of an Ar thin film confined between Ag particles is employed in the simulation. The thin film in the simulation contains one to four Ar layers that correspond to film thicknesses from approximately 0.3 to 1.3 nm. For each film thickness, R SF is calculated and is compared with R SL . R SL is obtained in a system with a film thickness that is large enough such that the interfacial thermal resistance is independent of film thickness. In the simulation, only the phonon contribution to thermal conduction is calculated since the electron transport in the system is largely suppressed by liquid Ar.
II. MD MODEL
The geometry of the system that simulates the thermal conduction through a two-particle aggregate in a liquid is depicted in Fig. 1(a) . The system consists of a slab of liquid Ar at a density of 35.18 mol/L and two parallel Ag walls that sandwich an Ar thin film. Both Ag walls consist of [1 0 0]-oriented perfect fcc crystals of lengths 32a 0 in the x direction and 8a 0 in the y or z direction, where a 0 = 4.086Å is the lattice constant of Ag [13] . The length of the liquid Ar slab is around 22 nm. Such crystal size and liquid slab length ensure that there is no statistically significant size effect on the results of the simulations [14] . Periodic boundary conditions (PBCs) are applied in three directions. The Ag-Ag interaction is modeled by the Morse potential with parameters r e = 3.13Å, a = 1.3535Å −1 , and D = 3775 K [13] . The Ar-Ar interaction is modeled by the Lennard-Jones (LJ) 12-6 potential with parameters σ = 3.41Å and ε = 119.8 K [15] . The LJ potential is also used to simulate the interactions between Ar and Ag. The parameters σ Ag-Ar = 3.12Å and Ag-Ar = 204 K are chosen so that the Ag-Ar potential reproduces the experimental data of adsorption height and energy for the Ar-Ag system [16] . The cutoff radius for all interactions is 2.5σ . Although more accurate potential models, such as three-body potentials, for Ag-Ag interactions are available, we have chosen simpler but realistic models for computational efficiency. All simulations in this paper are performed at the temperature of 150 K.
The Ar thin film should be more ordered and probably has a higher density than the bulk liquid since most Ar molecules in the thin film are in contact with the solid phase [17] . One of the important problems in the simulation, therefore, is to determine the appropriate density and structure of Ar in the thin film so that the Ar thin film confined between two Ag crystals is in equilibrium with bulk liquid Ar at 150 K and 35.18 mol/L. Figure 1(b) shows the typical structure of Ar molecules in the thin film when the number of Ar layers is 1-4. To determine the thin-film structure and density, we conduct an equilibrium MD simulation of two parallel Ag walls immersed in a liquid Ar reservoir at a temperature of 150 K and density of 35.18 mol/L. As shown in Fig. 2 , the size of the Ag wall is 8a 0 in each of the x and y directions and 16a 0 in the z direction. The initial separation between two parallel walls is varied from σ to 4σ . Simulation systems with different initial wall separations are equilibrated for 500 ps to obtain the equilibrium structure and density of Ar between two Ag walls. We integrate the equations of motion using a velocity Verlet scheme with a time step size of 5 fs. The algorithm of Berendsenet al. [18] with a 0.6-ps time constant is used to equilibrate the system at 150 K. The density of liquid Ar in the reservoir is maintained at 35.18 mol/L during the equilibration. After a 500-ps equilibration period, the density distribution of liquid Ar and the distance between Ag walls become steady. The structure of Ar in the thin film shown in Fig. 1 is reproduced from the equilibrium structures of Ar in the dashed region shown in Fig. 2 . As depicted in Fig. 1(b) , Ar molecules in different thin-film thicknesses show layered structures. With the increase in film thickness, however, the boundaries between different Ar layers are more blurred, and the Ar structure becomes more bulklike. The solid-film interfacial resistance for each case shown in Fig. 1(b) is determined by the subsequent nonequilibrium MD simulation.
In the nonequilibrium MD simulation, each Ag solid slab is divided into 16 bins in the x direction with each bin containing four Ag atomic layers (the bin thickness is about 0.817 nm). The liquid Ar slab is divided evenly into 26 bins in the x direction (the bin thickness is about 0.882 nm). As depicted in Fig. 1(a) , in the liquid Ar, bins 6-8 are set as the heat source region, and bins 19-21 are set as the heat sink region. A constant energy E is added to the energy of atoms in the heat source region and is subtracted from the energy of atoms in the heat sink region at each time step by using the Jude and Jullien method [19] . Such a velocity scaling method ensures the conservation of both total energy and momentum of the system during simulation. Note the simulation system is not symmetric with respect to the heat source or heat sink. The heat fluxes flowing out from the heat source in the positive and in the negative x directions are not necessarily equal. Therefore, as shown in Fig. 1(a) , the heat flux q L in the liquid Ar and the heat flux q S across the solid-liquid interface need to be measured during the MD simulation. Accordingly, bins [11] [12] [13] [14] [15] [16] in the liquid Ar and bins 7-10 in each of the Ag regions are set as the heat flux measurement (HFM) region. To evaluate the average heat flux q in each HFM region, the following equation is used for the calculation [20] :
In Eq. (1), V is the volume of a HFM region, E i is the sum of the kinetic energy and potential energy of atom i, v x,i is the velocity of atom i in the x direction, and F ij denotes the interatomic force. The first term on the right side of Eq. (1) is a summation over all atoms in the HFM region. The double summation in the second term is over all pairs of atoms with the condition that the line connecting the two atoms is contained or is partially contained in the HFM region. Accordingly, x * ij in Eq. (1) is the x component of the whole connecting vector or the portion of the connecting vector contained in the HFM region. Before a heat source and a heat sink are applied in the simulation, a thermostat is always employed to equilibrate the system at 150 K. After a 300-ps equilibration period, the film thickness and the length of the liquid slab become stable. Based on these equilibrium values, the thickness of each bin in the liquid or solid is determined. After the equilibration period, the thermostat is removed, and a total heat flux of 0.681 GW/m 2 is applied to the simulation system for 3 ns to let the system reach a steady state. Subsequently, the nonequilibrium MD simulation is carried out for another 30 ns for data collection and averaging. At each time step, the temperature profile for the entire domain, including Ag solid slabs, Ar thin films and liquid Ar, and the heat flux in each HFM region, are calculated. The heat fluxes in the two solid HFM regions are found to be almost identical, as expected, and their average value is used to evaluate the heat flux across Ag-Ar interfaces. A time step size of 5 fs is employed in all simulations. Owing to the long simulation length, the statistical uncertainties of temperature and heat flux are about ±0.2% and ±3.5%, respectively.
III. SIMULATION RESULTS
A typical temperature profile in the x direction of the simulated system is shown in Fig. 3 . The results shown in Fig. 3 are obtained when there are two Ar layers in the thin film. It is seen that the temperature profiles in the two Ag solids are almost flat due to the high thermal conductivity of Ag. In the liquid Ar, the temperature profile is almost linear between the heat source and the heat sink regions. As depicted in Fig. 3 , the temperature gradient in the center region of the liquid is about 2.96 K/nm. Using Eq. (1), we obtain the corresponding heat flux q L = 0.412 GW/m 2 . In this case, according to Fourier's law, the thermal conductivity of liquid Ar is 0.139W m [21] , which validates the MD model employed in this paper.
The whole simulation system contains four Ag-Ar interfaces. The interfacial temperature difference can be observed in Fig. 3 . The temperature differences at the two solid-liquid interfaces are denoted by T 1 and T 2 as depicted in Fig. 3 . The solid-liquid interfacial resistance R SL is calculated by
where q S is the heat flux measured in the solid HFM region. The same method is also applied to a system containing one, three, or four Ar layers in the thin film to determine R SL . The final result of R SL at 150 K is the average of the four R SL 's and is found to be equal to 1.05 × 10 −8 m 2 K/W. The other two Ag-Ar interfaces in the simulation system are solid-film interfaces. Instead of calculating the solidfilm interfacial thermal resistance R SF directly using the aforementioned method, we determine R SF by first calculating the thin-film thermal resistance R F , which is defined by
where T is the difference in solid temperatures at the solidfilm interfaces as depicted in Fig. 3 . In the simulation, we apply the method of linear least squares to the temperature profile in each Ag slab and evaluate the linear fits at the two solid-film interfaces to determine T. However, the same method is not suitable for the temperature profile in the Ar thin film containing one to four Ar layers since we can only obtain very few temperature data points with relatively large uncertainties from the simulation. The few data points could result in a sizeable uncertainty in the linear fits of film temperatures at solid-film interfaces. It is the reason why we do not calculate R SF directly by an equation similar to Eq. (2). To determine R SF , Eq. (4), which gives the relation between R F and R SF , is employed [22] as
where L F and k F , respectively, represent the thickness and the thermal conductivity of the thin film. As shown in Eq. (4), the thin-film thermal resistance R F calculated from Eq. (3) is actually the sum of R SF 's at the two solid-film interfaces and the thermal conduction resistance of the thin film L F /k F . The thin-film thickness L F is determined by the equilibrium MD simulation described in Sec. II. In this paper, L F is defined by
where x R (or x L ) represents the x coordinate of the Ag atomic layer that is most adjacent to and on the right (or left) side of the Ar thin film. The thin-film thickness L F , as a function of the number of the Ar layers in the film, is shown in Fig. 4 . As indicated in Fig. 4 , L F does not vary linearly with the number of the Ar layer. This is because the effect of the Ag-Ar interaction on the Ar density and structure decreases as the number of the Ar layers in the thin film increases. From the calculated L F and the number of Ar atoms in the thin film, the density of Ar in the film can readily be determined. It is found that, except for the monolayer case in which the Ar density is about 46 mol/L, the densities of other Ar thin films are all close to that of liquid Ar in the simulation system. Since the layering and ordering of liquid molecules at the solid-liquid interface has a little effect on its thermal conductivity [17, 23] , the thermal conductivity of the thin film k F is assumed to be the same as that of a bulk liquid at the same density and temperature. Hence, k F 's are all equal to 0.139W m −1 K −1 except that k F in the monolayer case is equal to 0.34W m −1 K −1 , which is calculated from a similar nonequilibrium MD simulation performed in a bulk liquid Ar at 46 mol/L and 150 K. Finally, the calculation results of L F 's and k F 's are used in Eq. (4) to solve for R SF 's. Table I shows the simulation results in detail for each case. Figure 4 shows the solid-film interfacial thermal resistance R SF as a function of the number of Ar layers in the thin film. If there are no Ar molecules between two solid slabs and the two solid slabs are in perfect contact with each other, both L F and R SF should be zero. On the other hand, if the film thickness is large enough, R SF becomes a constant and equals R SL . Both of these two extreme cases are depicted in Fig. 4 . We can see that all calculation results of R SF are between 0 and R SL . If there is only one Ar layer in the thin film, R SF is found to be equal to 1.18 × 10 −9 m 2 K/W, which is about 1 order of magnitude smaller than R SL . While for thin films containing two or more Ag layers, R SF is found to increase rapidly toward R SL . The difference between R SL and R SF in the four-Ar-layer case is within the simulation uncertainty.
The aforementioned R SF 's, which are all obtained by solving Eq. (4), require the knowledge of k F 's. Although we evaluate k F 's by assuming that the thin-film thermal conductivity is the same as that of a bulk liquid at the same density and temperature, the thermal conductivity of the thin film in the direction perpendicular to the film is actually difficult to be defined unambiguously especially for the monolayer, which makes Eq. (4), in principle, not appropriate to describe the thermal resistance of monolayer thin films. The real k F or thermal conduction resistance of the thin film might deviate from the values shown in Table I , which will result in a different result of R SF . However, as shown in TABLE I. The simulation results for thin films containing different numbers of Ar monolayers. Table I , the thin-film thermal resistance R F 's are all dominated by the solid-film interfacial thermal resistance R SF . The choice of different k F values, therefore, cannot strongly affect R SF 's shown in Table I . For example, in the monolayer case if we choose a much larger k F to make L F /k F approximately zero, which means only the magnitude of R SF contributes to R F . In this extreme case, the R SF will be increased from 1.18 × 10 −9 m 2 K/W shown in Table I to the maximum possible value of 1.61 × 10 −9 m 2 K/W. This value is still significantly smaller than the solid-liquid (bulk) interfacial thermal resistance R SL . On the other hand, if we choose a smaller k F to make L F /k F larger, the calculated R SF will be even smaller than the value 1.18 × 10 −9 m 2 K/W shown in Table I . Therefore, the choice of different k F values cannot strongly affect the general trend of R SF as a function of L F shown in Fig. 4 .
To understand the mechanisms responsible for the trend of R SF variations, especially the very small R SF in the monolayer case, the vibrational density of states (VDOS) for Ag atoms and Ar molecules close to the solid-film interfaces is calculated from the Fourier transform of the Ag and Ar velocity autocorrelation function [24] . The VDOS is obtained from an equilibrium MD simulation of the same system shown in Fig. 1(a) at 150 K in the microcanonical ensemble. Specifically, the VDOSs of Ag atoms in the four layers most adjacent to the solid-film interface and all Ar molecules in the thin film are calculated. The calculated VDOSs for systems with different numbers of Ar layers in the thin film are shown in Fig. 5 . It is found that both Ag atoms and Ar molecules vibrate primarily with frequencies below 10 THz. Therefore, the VDOSs in the frequency range from 0 to only 10 THz are shown in Fig. 5 .
As depicted in Fig. 5 (a)-5(d), the VDOSs of Ag atoms in the fourth layer are all identical. While for Ag atoms at the solid-film interface, the corresponding VDOSs all show an evident shift toward the low frequency region due to the influence of the Ar thin film. The VDOSs of Ag atoms in the second and third layers (not shown) are close to those of Ag atoms in the fourth layer. Therefore, the Ar thin film has little effect on VDOSs of Ag atoms except for those in direct contact with the thin film. As shown in Fig. 5 , the VDOSs of Ar molecules strongly depend on the number of Ar layers in the thin film. When there are two or more layers of Ar in the thin film, the VDOSs mainly populate in a frequency range from 1 to 3 THz. Such VDOSs have relatively small overlaps with the VDOSs of Ag atoms, which result in a relatively large R SF as compared to the monolayer film case. If only one Ar layer exists in the thin film, all Ar molecules are in direct contact with Ag atoms on both sides of the thin film. The equilibrium structure of Ag is symmetric with respect to the Ar monolayer. In this case, the vibration of Ar molecules between Ag solid slabs is analogous to a forced vibration situation in which the vibration frequency is equal to the frequency of the applied force. The force applied on Ar molecules by Ag atoms is determined by the Ag-Ar interatomic distance, which is directly related to the vibration of the Ag atoms at two surfaces. Hence, the vibration frequency of Ag atoms strongly affects the frequency of Ag-Ar interatomic forces and the vibration frequency of Ar molecules in the monolayer thin film. The VDOS of Ar molecules in the monolayer case is found to have a large overlap with that of the Ag atoms as shown in Fig. 5(a) , which leads to a resonant thermal transport through the solid-film interface and results in a very small interfacial thermal resistance as shown in Fig. 4 . Therefore, the liquid monolayer trapped between rough nanoparticles in nanofluids can provide additional thermal conduction paths and can enhance the heat flow among the aggregated particles.
From Fig. 5 (b) to 5(d), we notice the Ar VDOSs shift slightly to the lower frequency region as the number of the Ar layers in the thin film increases. Hence, the increase in R SF is observed due to the smaller overlap between the Ar and the Ag VDOSs. As shown in Fig. 5(d) , the VDOS of Ar molecules has an evidently nonzero value at zero vibrational frequency when the number of the Ar layers is increased to 4. Note the VDOS at zero vibrational frequency is actually equal to three times the self-diffusion coefficient of Ar molecules in the thin film. If Ar molecules in the thin film are all confined in their molecular layers, they will vibrate around the equilibrium position and will result in a zero self-diffusion coefficient. The nonzero self-diffusion coefficient in the four-layer-film case indicates the VDOS of Ar molecules becomes bulklike. To confirm this result, we calculate the VDOS of Ar molecules that are in direct contact with the Ag surface in the bulk liquid for comparison. The results are shown in Fig. 5(a) . It is seen that the VDOS distribution of Ar molecules in the four-layer-thick film is similar to that of Ar molecules in direct contact with the Ag surface in the bulk liquid. The main difference is that the VDOS at zero frequency in the bulk liquid case is larger than that in the four-layer-thick film. Therefore, it is reasonable to find that the solid-film interfacial thermal resistance R SF in the four-layer-film case is close to solid-bulk liquid interfacial thermal resistance R SL .
IV. CONCLUSIONS
We calculate the thermal resistance at the solid-film interface by carrying out nonequilibrium MD simulations on a system containing two Ag solids aggregating in liquid Ar. The solid-film interfacial thermal resistance R SF is found to depend on film thickness if there are only a few Ar layers in the thin film. If the film contains only one molecular layer, we find that R SF is about 1 order of magnitude smaller than R SL . In this case, the low thermal resistance is caused by the resonant thermal transport between Ag particles and Ar thin films. Such a monolayer may provide additional thermal conduction paths and may enhance the heat flow among the aggregated particles. If there are two or more molecular layers in the film, it is shown that R SF increases rapidly toward R SL as film thickness increases. When there are four Ar layers in the thin film, the VDOS of Ar molecules in the thin film becomes bulklike, and R SF is found to be almost identical to R SL .
